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Figure 1. Ubiquination Pathway
Overview of the enzymes required to ubiquitinate a substrate. Enzymes
are color coded as E1 (tan), E2 (brown), E3 (green), ubiquitin (blue),
substrate (red), and substrate lysine (yellow). The symbol  indicates
a covalent linkage between ubiquitin and the listed enzyme. Structures
used are from PDB files 3A33, 3CMM, 3KTF, and 1FBV. Experimentally
derived complexes are shown where available, but are otherwise
roughly modeled from the free structures.
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Previewsenhancement are conserved
and correspond to Ubc4 and
UbcH5c residues that were
affected most strongly upon
introduction of the E4B U-box
in the current study.
Finally, from a more technical
point of view, it is interesting to
see how NMR techniques for
the direct detection of hydrogen
bonds through measurements
of the long-range h3JNC0 scalar
couplings, introduced more
than a decade ago (Cordier and
Grzesiek, 1999) but seldom
used, can provide new and
useful information on protein
stability. This approach was
used here to support the pres-
ence of a network of hydrogen
bonds that substitute the coor-
dination of Zn2+ ions observed
in the similarly folded RING
domain (Ohi et al., 2003).
Overall, the study by Be-
nirschke et al. (2010) comple-
ments and extends previously
published structures of budding
yeast Ufd2 (Tu et al., 2007) and
human UbcH5c bound to Ub
(Brzovic et al., 2006), andprovides a molecular framework to better
understand the mechanism by which
U-box-containing ubiquitin ligases func-892 Structure 18, August 11, 2010 ª2010 Elstion. Much more work remains to be
done to fully understand the Ub code
and its role in protein signaling.evier Ltd All rights reservedREFERENCES
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High quality images of microtubules with different numbers of protofilaments, and hence substantially
different curvatures, have been reconstructed from electron microscopy (EM) data (Sui and Downing,
2010). The data show how three versatile loops that mediate lateral interactions allow microtubules to be
strong without being brittle.Tubes are ideal scaffolding structures,
so it is not surprising that evolution has
provided eukaryotic cells with microtu-
bules as intracytoplasmic supports that
can be quickly assembled and disas-sembled. However, these protein com-
plexes are considerably more sophisti-
cated than the scaffolding poles used in
man-made building construction—not
least of course due to their ability to self-organize. One of their smart adaptations,
which has only become apparent after
much detailed observation, is being rather
flexible when first assembled, but
becoming stiffer over time. Thus, there
Figure 1. Tubulin Crystal Structures
(Left) An RB3 stathmin-like molecule holds a 2 heterodimer-long segment of
a protofilament in a curved conformation. Center: 2 tubulin monomers from
different heterodimers making a protofilament contact.
(Right) Two tubulin dimers making contact in a straight protofilament, part of
a 2D sheet formed under the influence of Zn ions and stabilized with Taxol
(magenta). The GTPase domain of each tubulin monomer is colored green,
the central helix and adjacent loops yellow, the intermediate globular domain
blue, and the C-terminal domain light brown. The latter lies on the outer surface
of a microtubule. At the innermost radius of a microtubule, the M-loops (M)
interact with the H2-S3 and H1-S2 loops (both colored black) of an adjacent
protofilament.
The structure on the left was solved by X-ray crystallography, to 3.5 A˚ resolution
(PDB: 1HKB); the structure on the right by cryo-EM of 2D crystals, also to 3.5 A˚
resolution (PDB: 1JFF).
Structure
Previewswere conflicting observations
on microtubule elasticity.
Contradictory values were
obtained in vitro by different
groups whomeasuredmicro-
tubule persistence length, the
length over which a filament
behaves as a uniform elastic
rod; then, short microtubules
were found tobemoreflexible
than longer ones, quickly
growing ones found to be
less stiff than slowly growing
ones; and finally, sections at
the growing ends were seen
to be more flexible than the
central region (Kurachi et al.,
1995; Janson and Dogterom,
2004). The last conclusion
explains observations on
microtubules growing in cells,
where they may run through
thecytoplasmas longstraight
tracks for organelle transport,
but then bend dramatically
near the periphery of the
cell (Drummond and Cross,
2000; Brangwynne et al.,
2007).To interpret these adaptations in
molecular terms, one needs high-resolu-
tion images of filaments in varying confor-
mations. Sui and Downing (2010) have
approached this goal by calculating 3D
structures of the tubes with widely
different lateral curvatures. For a complete
range of microtubules with protofilament
numbers from 11 to 16, they have reached
resolutions of better than 8 nm, which is
sufficient to resolve all the secondary
structural features involved in intersubunit
interactions. The 3D images show that
individual tubulin protofilaments in these
tubes of varying diameter are essentially
invariant but are able to move relative to
each other, articulated by a trio of inter-
connecting loops. Because of all of the
effort dedicated to solving different struc-
tures, we now have information about the
conformational changes in loops medi-
ating each of the interactions that a tubulin
subunit makes with its neighbors in a
microtubule lattice.
It was already clear from crystallo-
graphic studies of 3D crystals and 2D
sheets that the structure of the ab-tubulin
heterodimer is strongly constrained, with
only small differences between straight
and curved protofilaments (Figure 1).A near-atomic structure of tubulin was
solved by electron crystallography
(Nogales et al., 1998), using 2D sheets of
straight protofilaments aligned in antipar-
allel orientations. An important loop (the
‘‘M-loop’’) involved in lateral interactions
was identified and was given this name
because it was proposed to take part
also in interactions between the uniformly
polar protofilaments in a microtubule
(Nogales et al., 1999). Three-dimensional
crystals containing ab-tubulin in
a ‘‘curved’’ conformationwere then solved
(Ravelli et al., 2004) for complexes inter-
acting with a dimer-sequestering protein
called stathmin (RB3 in Figure 1, left). The
results indicated that longitudinal protofi-
lament curvature was achieved by
changing the conformations of small loops
that interact at the junctions between
tubulin subunits (Figure1, comparecurved
[center] and straight [right] structures).
The available crystallographic struc-
tures also provide some important infor-
mation about changes in the loops that
mediate lateral interactions between pro-
tofilaments. In the curved state, the
M-loop of b-tubulin is partially disordered,
though that of a-tubulin appears ordered,
apparently stabilized by the extendedStructure 18, August 11, 2010 ª2010 Elsevloop of a-tubulin that
occupies the region (X in
Figure 1) equivalent to the
‘‘Taxol-pocket’’ of b-tubulin.
It has been assumed that
the M-loop of b-tubulin
becomes ordered as a result
of a lateral interaction. All of
the high-resolution structures
of microtubules solved to
date show tubulin stabilized
with Taxol, so it is not actually
known whether the M-loop of
b-tubulin would be ordered in
the absence of a suitable
ligand. However, assembly
is promoted by the presence
of GTP, which favors the
straight conformation; this
may allow interactions with
neighboring subunits to
stabilize the conformations
of all lateral loops.
The new EM results finally
draw proper attention to the
structures with which the M-
loops interact to assemble
a microtubule, namely the
‘‘H1-S2’’ and ‘‘H2-S3’’ loops(named according to the helices and
strands that they connect). In all of the
crystalline structures, the H1-S2 loop of
a-tubulin is disordered, while that of
b-tubulin is steady. Most likely, the latter
is stabilized by the presence of the nonex-
changeable, nonhydrolyzed GTP trapped
in the middle of the heterodimer. The
high-resolution EM images show that the
H1-S2 loops of both tubulin monomers
are ordered after microtubule assembly.
The presence of GTP between dimers
may be responsible initially for ordering
the H1-S2 loop of a-tubulin, but the inter-
action with a neighboringM-loop presum-
ably helps retain order after the GTP has
been hydrolyzed. The three loops bind to
each other in a conserved conformation
but each loop appears to act like a hinge.
Thus, a microtubule seems able to resist
moderate deformation in a similar way to
a piece of chain-mail armor. This flexi-
bility, which allows ab-tubulin to
assemble microtubules with a variety of
protofilament numbers, explains why a
special species, g-tubulin, is needed to
form templates for the assembly of stan-
dard 13 protofilament microtubules in
cells. Another recent paper (Koll et al.,
2010) shows that g-tubulin subunitsier Ltd All rights reserved 893
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Previewsassociate laterally with the precise curva-
ture of a 13 protofilament tube; presum-
ably the M, H1-S2, and H2-S3 loops of
g-tubulin aremuch less flexible than those
of ab-tubulin.
Accessory proteins (microtubule-asso-
ciated proteins [MAPs]) also help to
specify the correct curvature of tubes in
cells. The Taxol pocket, next to the M-
loop of b-tubulin, must have evolved to
bind something more useful to cells than
Taxol, which binds so tightly that microtu-
bules lose their dynamicity and the cells
die. Some MAPs may stabilize microtu-
bule assembly by binding there. Sui and
Downing (2010) now point out the
domains of proteins that bind on the
inside surface of a microtubule are also
likely to bind to the H1-S2 and/or H2-S3
loops of tubulin. Such interactions would
allow MAPs to exercise subtle control
over microtubule stability and flexibility.
Thus, ‘‘i-MAPs’’ (intralumenal MAPs)
appear to support the hinges on the inner
surface of flagellar microtubules, which
undergo dramatic bending contortions
during rapid flagellar beating without
breaking or disassembling. In contrast,
cytoplasmic microtubules often need to
disassemble rapidly and grow out again,894 Structure 18, August 11, 2010 ª2010 Elspushing their way through dense cyto-
plasm, and may be stiffened by MAPs
running over the outer surface.
Most of the protofilaments imaged have
the so-called ‘‘B-lattice’’ arrangement,
where adjacent heterodimers make aa
and bb lateral contacts, but manymicro-
tubules have a ‘‘seam,’’ where the hetero-
dimers are in the staggered ‘‘A-lattice’’
arrangement and intersubunit contacts
areab andba. An important conclusion
from the new work is that interactions at
a seam are structurally indistinguishable
from those in the B-lattice. This makes it
unlikely that a seam represents a line of
weakness in the microtubule, in need of
external stabilization, as had been
proposed to explain EB1’s preference for
the A-lattice/seam arrangement (Sand-
blad et al., 2006).
One of the remaining problems is to
understand how the loops involved in
subunit interactions are influenced by
GTP hydrolysis, which may explain why
growing ends have very different proper-
ties from theolder central parts ofmicrotu-
bules. Progress may depend on kicking
the dependence on Taxol for stabilization
of microtubules. However, it remains to
be seen whether differences can be de-evier Ltd All rights reservedtected by EM between newly assembled
(containing GTP or GDP-Pi) microtubule
segments and older, less flexible, less
stable (GDP-containing) segments.
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RIG-I protects host cells against various RNA viruses by sensing viral RNAs in the cytoplasm. Crystal struc-
tures of RIG-I C-terminal domain bound to 50-triphosphate dsRNA unveils how RIG-I recognizes the
50-triphosphate moiety, a hallmark of viral RNAs (Lu et al., 2010).The first line of defense against infections
is mediated by innate pattern recognition
receptors (PRRs), which include Toll-like
receptors, RIG-I-like receptors (RLR),
NOD-like receptors, and C-type lectin
receptors (Takeuchi and Akira, 2010). Acti-
vation of these receptors leads to produc-
tion of type I interferons and inflammatory
cytokines to trigger the host antiviral
program. RIG-I (retinoic acid induciblegene I) is the prototype of the RLR family
that also include MDA5 and LGP2. In the
cytoplasm, RIG-I and MDA5 detect a
different set of RNA viruses, whereas
LGP2 plays a regulatory role in the
signaling pathway of RIG-I and MDA5
(Takeuchi and Akira, 2010). All RLR
membersshareacentralDExD/H-boxheli-
case domain and a C-terminal domain
(CTD) that detects viral RNAs. In addition,RIG-I and MDA5 have two CARD domains
at the N-terminal region that are respon-
sible for recruiting thedownstreamadaptor
protein MAVS (also known as IPS-1, VISA,
or CARDIF) (Takeuchi and Akira, 2010).
The identities of RNA ligands that acti-
vate RIG-I have been intensively debated
(Schlee et al., 2009a). Recent studies sug-
gested that only dsRNAs with 50-triphos-
phate (50-ppp) are capable of activating
